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T h i s  r epor  

EXECUTIVE SUMMARY 

describes Experiment 81F01, C o n t a i n e r l e s s  P r o c e s s i n g  of 

Glass Forming Melts i n  Space", NASA Cont rac t  N A S  8-34758. The experiment,was 

conducted on 31 October 1985 i n  the MEA/A-2 on t h e  D-1 Space Lab Mission of 

t h e  Cha l l enge r  space  s h u t t l e .  Mission STS-61A was launched  on 30 October 1985 

from Cape Canave ra l ,  F l o r i d a  and landed  on 6 November 1985 a t  Edwards A i r  

Fo rce  Base, C a l i f o r n i a .  

The g e n e r a l  p l an  of Experiment 81F01 was t o  heat ,  melt, and quench s i x  

spherical samples (=6  k 1 mm i n  diameter) of  d i f f e r e n t  g l a s s  forming composi- 

t i o n s  w h i l e  t h e y  were l e v i t a t e d  i n  a s i n g l e  axis a c o u s t i c  l e v i t a t o r  f u r n a c e  

(SAAL).  I n  a d d i t i o n ,  two non-melting sintered alumina ( A 1  0 ) samples were 

used  t o  check t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  SAAL under reduced g ra -  

v i t y  c o n d i t i o n s .  The f l i g h t  hardware cons i s t ed  of a f u r n a c e  heated w i t h  f o u r  

e l e c t r i c a l  r e s i s t a n c e  e lements ,  a s i n g l e  a x i s  a c o u s t i c  l e v i t a t o r  f o r  ho ld ing  

t h e  sample a t  a f i x e d  p o s i t i o n  i n  t h e  fu rnace ,  a sample  i n s e r t i o n  ( i n t o  t h e  

f u r n a c e )  and a r e t r i e v a l  mechanism, and a motion p i c t u r e  camera f o r  photo- 

graphing  t h e  samples while  they  were l e v i t a t e d  i n  t h e  h o t  fu rnace .  

2 3  

Three o f  the e i g h t  s amples  were l e v i t a t e d  between 1250 and 1 5 0 0 O C  b e f o r e  

t he  lack of c o o l a n t  created an over-temperature c o n d i t i o n  t h a t  caused t h e  SAAL 

t o  s h u t  down premature ly .  Two of t h e  three samples  processed  were cal.cia- 

g a l l i a - s i l i c a  and soda - l ime-s i l i ca  g l a s s  forming compositions.  

The f o l l o w i n g  major r e s u l t s  were obta ined .  

1 .  For t h e  f i r s t  time, l i q u i d  samples were s u c c e s s f u l l y  l e v i t a t e d  i n  

space a t  h igh  t empera tu res  (1250 t o  15OOOC) f o r  a c o n s i d e r a b l e  p e r i o d  

of time ( 6  t o  10  min). 

2. Two g l a s s  forming samples ( c a l c i a - g a l l i a - s i l i c a  and s o d a - l i m e - s i l i c a )  

were s u c c e s s f u l l y  melted and cooled t o  g l a s s  while  l e v i t a t e d  i n  

space .  
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3. Evidence of a two t o  three times i n c r e a s e  i n  t h e  tendency f o r  glass 

fo rma t ion  was ob ta ined  f o r  t h e  c a l c i a - g a l l l a - s i l i c a  g l a s s .  The f i n a l .  

g l a s s  appeared t o  be r easonab ly  homogeneous even though i t  was made 

from h o t  p re s sed  c r y s t a l l i n e  powders which i n i t i a l l y  con ta ined  d e l i b -  

erate  h e t e r o g e n e i t i e s  composed of 100 t o  300 micrometer s i l i ca  par -  

t i c l e s .  

4. The p r imary  purpose of the  soda - l ime-s i l i ca  g l a s s  sample which con- 

t a i n e d  a gas  bubble  was t o  demonstrate t h e  f e a s i b i l i t y  of r e s h a p i n g  a 

g l a s s  s h e l l  i n  mic rograv i ty .  The bubble  i n s i d e  t h e  melt escaped  dtlr- 

i n g  r e m e l t i n g  i n  s p a c e  f o r  reasons  no t  clearly known a t  t h i s  time. 

5. An e x c e l l e n t  photographic  r eco rd  (movie) was o b t a i n e d  of t h e  sample 

p r o c e s s i n g  sequences i n  microgravi ty .  The f i l m  c lear ly  showed tha t  

t h e  l e v i t a t o r / f u r n a c e  o p e r a t e d  c o r r e c t l y  f o r  t h e  f i rs t  three samples. 

The q u a l i t y  of t h e  f i l m  data is the best  o b t a i n e d  t o  date and w i l l  

p rov ide  v a l u a b l e  in fo rma t ion  fo r  improving t h e  p o s i t i o n a l  s t a b i l i t y  

of l e v i t a t e d  samples a t  tempera tures  above 1 2 5 O O C .  

The p re -  and p o s t - f l i g h t  handl ing  and s t o r a g e  of t h e  samples appea r s  sa t -  

i s f a c t o r y .  However, there is s t r o n g  evidence t h a t  a t  l eas t  one of t he  molten 

samples was contaminated by the f u r n a c e  i n s u l a t i o n  and perhaps o t h e r  s o u r c e s  

while  i t  was l e v i t a t e d  a t  e l e v a t e d  tempera tures  i n  t h e  SAAL. 

Only a p o r t i o n  of t he  s c i e n t i f i c  o b j e c t i v e s  of t h i s  experiment were met 

from t h e  s t a n d p o i n t  of g l a s s  fo rma t ion  and c r y s t a l l i z a t i o n .  The documented 

demons t r a t ion  of l e v i t a t i n g  millimeter s i z e  l i q u i d  samples a t  t empera tu res  

above 1 2 5 O O C  f o r  s e v e r a l  minutes is viewed as a major advance i n  t h e  practice 

of c o n t a i n e r l e s s  materials p rocess ing  i n  space.  



I. INTRODUCTION 

A .  R a t i o n a l e  f o r  P r o c e s s i n g  Glass i n  Space 

Glass m e l t i n g  i n  m i c r o g r a v i t y  offers  s e v e r a l  advantages  compared t o  melt- 

i n g  on earth;  (1 -6 )  namely, ( a )  no conta iner  is necessary  t o  ho ld  t h e  melt, and 

( b )  t h e  r e d u c t i o n  ( o r  absence)  of convect ion and d e n s i t y  d r i v e n  s e g r e g a t i o n  i n  

f l u i d  melts. On earth,  heterogeneous nucleation/crystallization commonly 

o c c u r s  a t  t h e  m e l t / c o n t a i n e r  i n t e r f a c e  and t h i s  can prevent  p o t e n t i a l l y  u s e f u l  

composi t ions from forming g l a s s .  P o t e n t i a l l y ,  t h i s  unwanted c r y s t a l l i z a t i o n  

may be avoided or minimized by c o n t a i n e r l e s s  p r o c e s s i n g ,  t h e r e b y ,  e x t e n d i n g  

t h e  composi t iona l  range  for  g l a s s  formation. L i m i t e d  ev idence  of enhanced 

g lass  format ion  has been provided by an experiment  i n  micro-g on Ge-Sb-S 

g l a s s e s .  ( 7 )  Because of t he  smaller number of n u c l e i  i n  t h e  g l a s s e s  made i n  

micro-g, t h e y  were r e p o r t e d ( 7 )  t o  be more r e s i s t a n t  t o  bulk c r y s t a l l i z a t i o n  

t h a n  i d e n t i c a l  samples prepared on earth. The e l i m i n a t i o n  of c o n t a i n e r -  

induced contaminat ion  offers  the  addi t ional .  p o s s i b i l i t y  of p r e p a r i n g  chemi- 

c a l l y  u l t r a p u r e  g l a s s e s  i n  micro-g. Glasses whose melts are high1 y c o r r o s i v e  

or which r e q u i r e  very  h igh  m e l t i n g  temperatures  (2500-30OO0C) where u n r e a c t i v e  

c o n t a i n e r  materials are no t  a v a i l a b l e ,  can be prepared  by c o n t a i n e r l e s s  pro- 

c e s s i n g  w i t h o u t  i n t r o d u c i n g  any i m p u r i t i e s .  

,’ 

The absence  of buoyant forces i n  micro-g can be u t i l i z e d  t o  p r e p a r e  g l a s s  

shel ls  of p r e c i s e  s p h e r i c i t y  and uniform wall t h i c k n e s s  for u s e  i n  laser 

chemi - f u s i o n  technology.  F i n a l l y ,  basic phenomena s u c h  as bulk d i f f u s i o n ,  

cal  c o r r o s i o n ,  s u r f a c e  t e n s i o n ,  bubble  motion/ d i s s o l u t i o n ,  ( lo ” l )  etc. can 

be s t u d i e d  i n  f l u i d  melts i n  micro-g without t h e  d e t r i m e n t a l  d i s t u r b a n c e  of 

g r a v i t y  d r i v e n  convec t ion  and s e g r e g a t i o n .  On ear th ,  t h i s  unwanted convec t ion  

can make  t h e  i n v e s t i g a t i o n  of such phenomena e i ther  d i f f i c u l t  or imposs ib le .  

( 8 )  



B. O b j e c t i v e s  of t h e  D - 1 ,  MEA/A-2 Experiment 

The p r i n c i p a l  o b j e c t i v e s  of t h i s  experiment were t o :  

o b t a i n  q u a n t i t a t i v e  ev idence  for t h e  s u p p r e s s i o n  of he te rogeneous  

nucleat ion/crystal . l izat ion ( o r  i n c r e a s e  i n  g l a s s  fo rma t ion )  i n  con- 

t a i n e r l e s s  melts i n  micro-g, 

s t u d y  melt homogenization i n  t h e  absence of g r a v i t y  d r i v e n  convec t ion ,  

de te rmine  t h e  f e a s i b i l i t y  of reshaping  a g l a s s  s h e l l  i n  micro-g f o r  

use as a laser  f u s i o n  t a r g e t ,  

e v a l u a t e  t h e  procedures  f o r  prepar ing  p r e c u r s o r  samples t h a t  w i l l  

y i e l d  bubb le - f r ee ,  h igh  p u r i t y ,  chemically homogeneous melts i n  

m i  cro-g , 

perform comparative p rope r ty  a n a l y s i s  of g l a s s e s  m e l t e d  on ear th  and 

i n  micro-g, and 

assess the  s u i t a b i l i t y  of t he  s i n g l e  axis  a c o u s t i c  l e v i t a t o r / f u r n a c e  

f o r  p r o c e s s i n g  multicomponent, g l a s s  forming  melts i n  micro-g. 

E ight  s p h e r i c a l  samples (=6  f 1 mm diameter), each w i t h  one o r  more of  

t h e  above o b j e c t i v e s ,  were t o  be processed a t  t empera tu res  r ang ing  from 900 t o  

1 5 0 O O C  f o r  about  5 t o  12 min i n  t h e  s i n g l e  ax i s  a c o u s t i c  l e v i t a t o r  (SAAL).* 

The sample composi t ion ,  t h e  d e t a i l e d  purpose of  each sample,  and t h e  o r d e r  and 

t ime- tempera ture  f o r  p rocess ing  are g iven  i n  Table I .  

The s u p p r e s s i o n  o r  r e d u c t i o n  of heterogeneous nucleation/crystallization, 

t h e  d i rec t  consequence of which is an i n c r e a s e  i n  t h e  composi t iona l  l i m i t s  f o r  

g l a s s  f o r m a t i o n ,  was t o  be s t u d i e d  by t h e  c o n t a i n e r l e s s  m e l t i n g  and c o o l i n g  of 

composi t ions  having  d i f f e r e n t  c r i t i c a l  cool ing  rates. The c r i t i c a l  c o o l i n g  

r a t e ,  R c ,  is d e f i n e d  as t h e  slowest r a t e  a t  which a melt can be cooled wi thou t  

c r y s t a l l i z i n g  ( i . e . ,  s l o w e s t  coo l ing  r a t e  t h a t  w i l l  y i e l d  a g l a s s ) .  The 

*Manufactured by I n t e r s o n i c s ,  Inc . ,  Northbrook, IL. 
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o n  ( a )  (12-14) vol -me f r a c t i o n ,  V / V ,  c r y s t a l l i z e d  i n  a material. is dependent 
C 

t h e  n u c l e a t i o n  f requency ,  I ,  and c r y s t a l  growth r a t e ,  U ,  which are f u n c t i o n s  

of tempera ture ,  T ,  and ( b )  t h e  time, t ,  at  a p a r t i c u l a r  tempera ture :  

( 1  1 3 4 
V c / V  = ~ / 3  I ( T )  U (TI t 

The material is cons idered  a g l a s s  when the  volume f r a c t i o n  c r y s t a l l i z e d  i s  

below the  detectable l i m i t ,  i .e . ,  V c / V  < The combined t e m p e r a t u r e  

dependence of I and U r e s u l t s  i n  a nose shaped curve  on a temperature- t ime 

( T - t )  p l o t ,  Fig.  1 .  Such a curve  is c h a r a c t e r i s t i c  of a p a r t i c u l a r  sys tem,  

and is known as a t ime-temperature- t ransformation (TTT)  diagram. Tn and tn  i n  

F i g .  1 are t h e  nose tempera ture  and nose time, r e s p e c t i v e l y .  An approximate 

R d e r i v e d  from t h i s  curve  is (15 )  
C 

R c  dT /d t  = ( T  m - T n ) / t n  ( 2 )  

where Tm is t h e  l i q u i d u s  temperature .  Eq. ( 2 )  describes t h e  s l o p e  of t h e  l i n e  

o r i g i n a t i n g  a t  t h e  l i q u i d u s  tempera ture  and which j u s t  t o u c h e s  t h e  nose  of t h e  

TTT diagram. The r a t i o  R c / R  > 1 is t h e  c r i t e r i o n  fo r  c r y s t a l l i z a t i o n  and R c / R  

< 1 is t h e  c o n d i t i o n  f o r  g l a s s  format ion ,  where R is t h e  r a t e  of c o o l i n g  t h e  

melt. When t h e  thermal c o n d u c t i v i t y  of the  material is known, t h e  c r i t i ca l  

maximum s i z e  of a sample o b t a i n a b l e  as g l a s s  can a l so  be der ived .  ( 1 6 )  

If I i n  Eq. ( 1 )  is  s i g n i f i c a n t l y  larger fo r  heterogeneous n u c l e a t i o n ,  

t h e n  t h e  nose  shaped curve  i s  s h i f t e d  t o  shorter  times. Thus, t h e  c r i t i c a l  

c o o l i n g  r a t e  is i n c r e a s e d  and the  maximum sample s i z e  o b t a i n a b l e  as g l a s s  i s  

smaller. On the  o t h e r  hand, i f  heterogeneous nucl-eat ion caused by a c o n t a i n e r  

is a b s e n t  i n  c o n t a i n e r l e s s  melts i n  micro-g, t h e n  i t  should  be p o s s i b l e  t o  

quench such  melts t o  g l a s s  i n  s p a c e  a t  cool ing rates which a re  less t h a n  R c  on 

earth. Thus,  t h e  r a t i o  of R c  ( ear th)  t o  Rs ( s h u t t l e )  f o r  melts quenched t o  

g l a s s  i n  micro-g should  exceed u n i t y  and the  n u m e r i c a l  v a l u e  of t h i s  r a t i o  can 

be used as a q u a n t i t a t i v e  measure of the degree  t o  which g l a s s  f o r m a t i o n  1s 

enhanced, or c o n v e r s e l y ,  heterogeneous nucleation/crystallization i s  
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suppressed  i n  c o n t a i n e r l e s s  melts. The purpose of samples  2 and 6 (Tab le  I ) ,  

whose R c  on ear th  is 3 and 100 times higher  t h a n  t h e  c o o l i n g  ra te  of  t h e  

f u r n a c e  used i n  micro-g (=5OC/s) was t o  provide  ev idence  for  enhanced g l a s s  

f o r m a t i o n  i n  micro-g. 

Melt homogenization i n  t h e  absence of g r a v i t y - d r i v e n  convec t ion  i n  

micro-g was t o  be i n v e s t i g a t e d  by observing t h e  l e v e l  of homogeneity achieved  

i n  p r e c u r s o r  samples made w i t h  known chemical inhomogenei t ies .  Sample 4, 

which c o n t a i n e d  a colored s p o t  on i ts  e x t e r n a l  Sarface, and samples  2 and 7 

which were hot  pressed  samples c o n t a i n i n g  r e l a t i v e l y  l a r g e  Si0 p a r t i c l e s  (100 

t o  300 urn) were used for t h i s  purpose.  The purpose of t h e  sodium-borate 

sample (#5)  was t o  provide  i n f o r m a t i o n  for t h e  behavior  of gas  bubbles  i n  3.iq- 

a i d  melts and supplemental  data f o r  melt homogenization i n  micro-g. 

2 

Glass shel ls  s e v e r a l  millimeters i n  diameter have impor tan t  a p p l i c a t i o n s  

i n  laser f u s i o n  technology,  bu t  are e s s e n t i a l l y  i m p o s s i b l e  t o  fabr ica te  on 

earth. A s  there is no buoyant f o r c e  i n  rnicrogravi ty ,  a bubble  i n i t i a l l y  pre-  

s e n t  i n s i d e  a g l a s s  shel l  should  n o t  n e c e s s a r i l y  escape  when the g l a s s  is 

remelted i n  space .  When r e m e l t i n g  is  performed wi thout  a c o n t a i n e r ,  s u r f a c e  

t e n s i o n  forces should  r e s h a p e  the  sample i n t o  a s p h e r i c a l  shel l  of uniform 

wall t h i c k n e s s .  A soda- l ime-s i l ica  g l a s s  (sample #I3 i n  T a b l e  I )  c o n t a i n i n g  a n  

a i r  bubble  ~ 3 . 7 5  mm i n  diameter was used fo r  t h i s  purpose.  L a s t l y ,  a wide 

r a n g e  of p h y s i c a l ,  o p t i c a l ,  thermal, and mechanical  p r o p e r t i e s  for  g l a s s e s  

made i n  micro-g were t o  be compared w i t h  t h e  same p r o p e r t i e s  measured fo r  

g l a s s e s  of i d e n t i c a l  composi t ion made on e a r t h .  

There was no s p e c i a l  basis for the d i f f e r e n t  composi t ions used f o r  t h i s  

experiment .  The t e r n a r y  c a l . c i a - g a l l i a - s i l i c a  composi t ion (samples  2 and 4) 

was chosen p r i m a r i l y  because of  its p r i o r  u s e  i n  g l a s s  m e l t i n g  exper iments  i n  

s p a c e ,  SPAR V I  ( 1 7 )  and V I 1 1  Lead-silicate (sample 

# 7 )  g l a s s e s  are widely used on ear th  as commercial opt ica ' l  g l a s s e s ,  t h e  l a r g e  

and STS-7 MEA/A-1 . 
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difference i n  d e n s i t y  between PbO and Si02 Causes s e g r e g a t i o n  of t h e  melts on  

ear th ,  and r e l e v a n t  p r o p e r t y  data are  a v a i l a b l e .  The b i n a r y  calcia-gallia 

composi t ion ( t 6 )  h a s  a h i g h  c r i t i ca l  Cooling rate (55OoC/s) and p o t e n t i a l l y  

i n t e r e s t i n g  op t ica l  p r o p e r  ti es . 
An impor tan t  p r a c t i c a l  o b j e c t i v e  Of t h i s  exper iment  w a s  t o  d e t e r m i n e  t h e  

s u i t a b i l i t y  of hot  p r e s s e d ,  p r e c u r s o r  samples for u s e  i n  c o n t a i n e r l e s s  melt- 

ing .  Precursor  s a m p l e s  made by s i n t e r i n g l h o t  p r e s s i n g  have  t h e  a d v a n t a g e  of 

b e i n g  e a s i l y  p r e p a r e d  w i t h o u t  contaminat ion  from a c o n t a i n e r .  A l a r g e  sample  

can be hot pressed, w i t h  o n l y  t h e  uncontaminated core be ing  u s e d  for an e x p e r -  

iment i n  space .  I t  w a s  of i n t e r e s t  t o  d e t e r m i n e  t h e  size of chemical inho-  

m o g e n e i t i e s  t h a t  can  be tolerated i n  a hot p r e s s e d  p r e c u r s o r  which wo;lld y i e l d  

a chemical ly  homogeneous, multicomponent melt i n  a r e a s o n a b l e  t i m e  when m e l t e d  

- .  

i n  micro-g. 

11. PREPARATION AND HANDLING OF PRECURSOR SAWLES 

Of t h e  e i g h t  s a m p l e s  i n  t h i s  exper iment ,  four (12, 4, 6, and 7)  were p r e -  

pared  a t  t h e  U n i v e r s i t y  o f  Misso;lri-Rolla. Samples 3 and 5'were s u p p l i e d  by 

Los Alamos N a t i o n a l  Laboratories (LANL) and Dr. S. Subramanlan of C l a r k a o n  

C o l l e g e ,  NY, r e s p e c t i v e l y .  The a lumina  samples  1 and 8, which were ' b e d  p r i -  

m a r i l y  for  t h e  e n g i n e e r i n g  check out of the  SAAL, Were a u p p l i e d  by I n t e r s o n -  

I C s .  

A. Sample #2 

Sample 2 w a s  a hot p r e s s e d  35.7 CaO-39.3 Ga 0 -25 SiOz, mol% composi t ion .  

The a p p r o p r i a t e  p r o p o r t i o n s  of Ga 0 ( e l e c t r o n i c  grade, p u r i t y  99.999%)*, 

Cam ( r e a g e n t  grade), and -40 t o  +150 mesh (100 to 300 pm) crystalline s i l i ca  

2 3  

2 3  

3 

*Eagle-Picher  I n d u s t r i e s ,  Quapaw, OK, Lot A-420-1. 
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( q u a r t z ) *  were first wet mixed (ace tone) .  After d r y i n g ,  t h e  m i x t u r e  was 

tumbled for =5 h. The powdered b a t c h  was cold p r e s s e d  i n  a g r a p h i t e  mold a t  

4 4 2 140 x 10 kg/m2 for  5 min and t h e n  ho t  pressed a t  1130°C and 126 x 10 kg/m 

f o r  8 h i n  an a rgon  gas  atmosphere. The h o t  p r e s s e d  material was cooled 

s l o w l y  i n s i d e  t h e  g r a p h i t e  mold i n  flowing argon gas .  After removing t h e  hot 

pressed  c y l i n d e r  ( ~ 3 . 8 1  cm diameter and 2.52 cm l o n g )  from t h e  g r a p h i t e  mold, 

i t  was h e a t e d  a t  1000°C for  6 h i n  a i r  t o  burn o u t  any carbon on i t s  o u t e r  

s u r f a c e .  To avoid  contaminat ion ,  t h e  outer  s u r f a c e  of t h e  hot  p r e s s e d  c y l i n -  

der which c o n t a c t e d  the g r a p h i t e  mold was discarded. S p h e r i c a l  samples  =6 mm 

i n  diameter were ground by hand from the i n t e r i o r  of t h e  hot p r e s s e d  c y l i n d e r .  

The s p h e r i c a l  samples were washed w i t h  a c e t o n e  i n  a n  u l t r a s o n i c  c l e a n e r ,  

heated a t  900°C for  20 h i n  f lowing  oxygen and t h e n  s t o r e d  i n  a v a c u m  desic- 

cator. 

B. Sample #3 

T h i s  s ample  was a soda-lime-silica g l a s s  s p h e r e  c o n t a i n i n g  a n  a i r  bubble.  

I t  was blown under reduced p r e s s u r e  (=3O cm of Hg) from a Kimble R-6 g l a s s  

t u b e  of 6 mm 0.d. and 4 mm i . d .  and was annealed i n  a n  open flame. The sample 

was lapped  on a 3-point l a p p i n g  machine using a diamond s l u r r y  as t h e  g r i n d i n g  

media and f i n a l l y  p o l i s h e d  on a f e l t  b e l t .  After measuring i t s  dimensions,  

weight and t a k i n g  photographs from d i f f e r e n t  d i r e c t i o n s ,  t h e  sample was s t o r e d  

i n  a n  evacuated  g l a s s  tube.  Prior t o  s e a l i n g ,  X-radiographs of t he  she l l  were 

t a k e n  from d i f f e r e n t  d i r e c t i o n s  t o  determine t h e  p r e c i s e  dimensions of the 

bubble  and t h e  wall t h i c k n e s s  of t h e  shell. 

~~ ~ 

* P a r t i g l o  280 C r y s t a l l i n e  Q u a r t z ,  P a r t i g l o  P r o c e s s i n g  and C l a s s i f y i n g  Corp.,  

P a t e r s o n ,  N J .  
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C. Sample 114 

T h i s  sample  was made from a 35.7 CaO-39.3 Ga 0 -25 Si02, mol%, g l a s s  

which had been m e l t e d  i n  a p l a t i n - m  c r u c i b l e  a t  1500OC. The melt was s t i r red  
2 3  

5 times w i t h  a s i l i c a  r o d  a t  15 min i n t e r v a l s  t o  e n s u r e  good chemical homoge- 

n e i t y .  After t h e  f i n a l  s t i r r i n g ,  t he  melt  was he ld  i n  the f u r n a c e  ( a t  15OOOC) 

f o r  15 min, cooled  t o  1 4 5 O O C  and h e l d  a t  t h i s  t empera tu re  f o r  1 h ,  and t h e n  

cast  i n t o  a p rehea ted  (5OOOC) g r a p h i t e  mold having  f o u r  spherical  (=7 mm 

diameter) c a v i t i e s .  A l o a f  c a s t i n g  ( r e c t a n g u l a r  bar) was a l s o  made from t h e  

same melt and t h i s  g l a s s  was used f o r  ground based p r o p e r t y  measurements. 

After c u t t i n g  o f f  t he  c a s t i n g  stem, the glass s p h e r e s  were annea led  a t  6 O O O C  

and c l eaned  w i t h  ace tone .  P rev ious ly  prepared g l a s s  beads (=1 t o  2 mm diame- 

t e r )  of t h e  same o v e r a l l  composi t ion ,  but colored w i t h  3 w t %  COO, were f u s e d  

o n t o  each s p h e r e  us ing  a s p o t  heater. The c o l o r e d  beads were p repa red  by 

m e l t i n g  t h e  c o b a l t  ox ide  c o n t a i n i n g  g l a s s  i n  t h e  same way as described above 

and t h e n  pour ing  a stream of t h e  melt onto a c l e a n  s t a i n l e s s  s teel  p l a t e  from 

a he ight  of 4 f t .  Numerous small spheres  <2 mm diameter formed from t h e  

sp la t te red  stream. The samples w i t h  t h e  co lo red  beads f u s e d  on the i r  s u r f a c e  

were c l eaned  w i t h  ace tone  i n  u l . t r a son ic  c l e a n e r ,  d e v i t r i f i e d  by h e a t i n g  a t  

1000°C f o r  one  hour and s t o r e d  i n  a vacuum d e s i c c a t o r .  

D. Sample #5 

Sample 5 was prepared  from borax powder, which had been d r i e d  i n  a vacuum 

oven a t  250OC f o r  =3O h ,  and which was melted i n  a p la t inum c r u c i b l e  a t  

1050OC. The melt was removed from t h e  fu rnace  and s t i r r e d  v igo rous ly  w i t h  a 

p la t inum wire t o  e n t r a p  a i r  bubbles.  Small q u a n t i t i e s  of t he  melt were t h e n  

poured d i r e c t l y  i n t o  a 350 CS Dow-Corning s i l i c o n e  o i l  b a t h  from a h e i g h t  of 

=8 f t .  S e v e r a l  near1.y s p h e r i c a l  samples c o n t a i n i n g  one o r  more a i r  bubbles  of 

d i f f e r e n t  s i z e  were ob ta ined .  The samples w i t h  t h e  best bubble d i s t r i b u t i o n  

were s e l e c t e d  f o r  t h e  f l i g h t  experiment.  They were washed i n  amyl acetate 
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fo l lowed by a c e t o n e ,  d r i e d ,  annea led  a t  390°C f o r  15 min and s t o r e d  i n  a 

vacuum d e s i c c a t o r .  D r .  S. Subramanian of Clarkson  U n i v e r s i t y  was r e s p o n s i b l e  

f o r  t h e  p r e p a r a t i o n  of sample 5. 

E. SamD1.e %6 

A 56 Ga 0 -44 CaO, mol%, g l a s s  was melted i n  a p la t inum c r u c i b l e  a t  

15OO0C f o r  45 min and s t i r r e d  s e v e r a l  times w i t h  a s i l i ca  rod. Th i s  i s  a 

f l u i d  melt a t  15OOOC w i t h  an  estimated v i s c o s i t y  of <10 poise. Before  cast- 

i n g ,  t h e  melt was cooled  t o  145OOC and then  cast  i n t o  water a t  27OC. The 

roughly  spherical  g l a s s  p i e c e s  o b t a i n e d  by water quenching were annea led  a t  

70OOC t o  remove i n t e r n a l  stress, coo led  t o  room t empera tu re ,  c l eaned  w i t h  ace- 

t o n e ,  and t h e n  s t o r e d  i n  a vacuum d e s i c c a t o r .  

2 3  

F. Sample W7 

T h i s  sample was prepared  by h o t  p re s s ing  a mix tu re  of  PbO ( r e a g e n t  

( q u a r t z ) * *  a t  55OOC and 105 x l o 4  kg/m2 f o r  4 h g r a d e ) *  and c r y s t a l l i n e  S i 0  2 

i n  t h e  same way as used f o r  sample 4. The hand ground s p h e r i c a l  samples were 

c l eaned  w i t h  a c e t o n e  i n  an u l t r a s o n i c  c l e a n e r ,  heated a t  6OOOC f o r  24 h i n  

f lowing  oxygen and t h e n  s t o r e d  i n  vacuum d e s i c c a t o r .  

Before send ing  these p recu r so r  samples t o  the Marshall Space F l i g h t  Cen- 

ter (MSFC), t h e y  were photographed from d i f f e r e n t  d i r e c t i o n s ,  weighed, and 

t h e i r  dimensions measured. They were then sealed i n  evacuated  (40-50 pm p r e s -  

s u r e )  g l a s s  t ubes .  F i g u r e s  2 through 5 show t h e  appearance  of t he  p r e c u r s o r s  

used f o r  t h e  D - 1 ,  MEA/A-2 experiment.  The we igh t ,  ave rage  diameter, and bulk  

*F i she r  S c i e n t i f i c  Company, Fair Lawn, NJ, Lot 740898. 

* * P a r t i g l o  280 C r y s t a l l i n e  Q u a r t z ,  P a r t i g l o  P r o c e s s i n g  and C l a s s i f y i n g  Corp., 

P a t e r s o n ,  N J .  
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d e n s i t y  f o r  each as-prepared p r e c u r s o r  a r e  given i n  T a b l e  11. P r e c a u t i o n s  

were t a k e n  t o  avoid  contaminat ing  t h e  samples and t h e y  were never  touched w i t h  

bare hands. 

The p r e c u r s o r  samples  were hand c a r r i e d  t o  MSFC on 16 May 1985 for  

i n s t a l l a t i o n  i n  t h e  i n j e c t i o n  assemblies of t h e  s i n g l e  a x i s  a c o u s t i c  l e v i t a -  

t o r / f u r n a c e .  The g l a s s  v i a l  c o n t a i n i n g  t h e  primary p r e c u r s o r  sample was bro- 

ken and t h e  weight  of each p r e c u r s o r  was measured i n  a d r y  box f i l l e d  w i t h  d r y  

a rgon  ( t e m p e r a t u r e  25 t o  27OC, r e l a t i v e  h u m i d i t y  < l o % ) .  A p o s i t i v e  p r e s s u r e  

of a rgon  gas  was main ta ined  i n  t h e  d r y  box t o  p r e v e n t  any l e a k a g e  of atmo- 

s p h e r i c  a i r  i n t o  t h e  d r y  box. A s  shown by t h e  weights i n  Table  111, there was 

no detectable change i n  weight  for any precursor  d u r i n g  s t o r a g e .  After weigh- 

i n g ,  t h e  p r e c u r s o r  samples  were i n s t a l l e d  i n  the i r  r e s p e c t i v e  i n j e c t i o n  c a g e s ,  

a g a i n  i n  a d r y  box f i l l e d  w i t h  d r y  argon. The i n j e c t i o n  cages  were t h e n  

i n s t a l l e d  i n  t h e  l e v i t a t o r / f u r n a c e  appara tus  which was p a r t  of t h e  MEA/A-2 

equipment package. To minimize exposure of t h e  samples  t o  water vapor i n  t h e  

ambient atmosphere,  t h e  i n s t a l . l a t i o n  was done i n s i d e  a p l a s t i c  t e n t  a t  27OC 

and a r e l a t i v e  humidi ty  <15%. 

I t  is t o  be n o t e d  t h a t  a l l  the  samples i n  Table I were i n s t a l l e d  i n  t h e  

i n j e c t i o n  cages  on 28 June  1984 f o r  t h e  MEA/A-2 f l i g h t  experiment  which was 

t h e n  scheduled  i n  October 1984. A s  t h i s  experiment was postponed, t h e  samples  

were removed from the  cages  on 5 December 1984 and r e t u r n e d  t o  t h e  U n i v e r s i t y  

of Missouri-Rolla  ( U M R )  where t h e y  were stored i n  evacuated  g l a s s  t u b e s .  The 

samples  were r e - i n s t a l l e d  on 16 May 1985 f o r  t h e  MEA/A-2 f l i g h t  experiment  

s c h e d u l e d  for  October 1985. Each sample was examined and determined t o  be 

s a t i s f a c t o r y  for  r e u s e .  The p o s i t i o n  o f  each sample after i n s t a l l a t i o n  i n  the  

i n j e c t i o n  cage  was noted  and is given  i n  Table I V .  
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TABLE IV. Location of samples while installed in the 
injection cage of the SAAL. 

NOTE: The injection/insertion assembly consists of a platinum wire cage at 
the bottom of which are located, in a rectangular pattern, four small 
pieces of alumina tubing which covers the platinum wire and which are 
in direct contact with the sample. 
nearly cylindrical refractory material. A hollow alumina rod, which 
holds the sample tightly against the four small alumina pieces, can be 
moved in and out of this refractory material by means of a lever. The 
operating system of the lever is mounted at the top of the cage and the 
operation can be performed manually by nuts and screws located, if 
viewed from the front, on the left side of the cage. For this refer- 
ence and description, this side will be called the "lever side". In 
the shuttle flight, the operation of this lever is fully automated. 

The whole cage is fastened to a 

Sample Number Sample Location in the Injection Cage 

82 (hot pressed 
gallia-calcia-silica) 

The sample was clamped so that the apex of two 
alumina pieces pointing toward the "lever side" 
of the injection cage was closer to the sample 
than the opposite apex formed by the other two 
alumina pieces. 

#3 (soda-lime glass 
shell) 

# 4  (devitrified 
gallia-calcia-silica 
sphere with blue dot) 

85 (borate glass with 
air bubbles) 

116 (devitrified 
gallia-calcia) 

87 (hot pressed lead 
silicate) 

Spherical sample and positioned perfectly. No 
special orientation could be seen when viewed 
from any side of the cage. 

The colored mark on the sample was positioned 
vertically upward. The hollow alumina tube 
covered the mark when the sample was clamped 
and the mark could not be seen visually. 

The apex of two alumina pieces pointing oppo- 
site to the "lever side" was closer to the 
sample. The bubbles in the sample were concen- 
trated toward the 'Ilever side" of the cage. 

This sample was not perfectly spherical. The 
elliptical cross section (relatively flat sur- 
face) was placed on the horizontal plane. 

The sample looked displaced a little with 
respect to the holding alumina tube toward the 
back of the cage while looking from the side. 

- I  
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111. PROPERTY ANALYSIS OF TERRESTRIALLY PREPARED SAMPLES 

A s i z e a b l e  q u a n t i t y  of t h e  same material from which each p r e c u r s o r  sample 

was prepared,  was used t o  measure d i f f e r e n t  p h y s i c a l ,  thermal and o p t i c a l  

p r o p e r t i e s  f o r  comparison w i t h  t h e  p r o p e r t i e s  of the  f l i g h t  sample. The prop- 

ert ies measured f o r  t h e  35.7 CaO-39.3 Ga 0 -25 Si02 and 44 CaO-56 Ca 0 mol% 
2 3  2 3'  

glasses are l i s t e d  i n  Table V. The p r o p e r t i e s  of t h e  lead-sil icate glasses 

are a v a i l a b l e  i n  t h e  l i t e r a t u r e  and, t h e r e f o r e ,  were n o t  measured a t  t h i s  

time. 

The c r i t i c a l  c o o l i n g  ra te ,  R c ,  f o r  glass f o r m a t i o n  was determined by 

r e m e l t i n g  a p i e c e  of g l a s s  on t h e  t i p  of a thermocouple bead i n  a thermal' 

image f u r n a c e  and c o o l i n g  i t  a t  different  c o n s t a n t  rates. The thermocouple 

o u t p u t  was connected t o  a calibrated strip chart r e c o r d e r  t o  o b t a i n  a tempera- 

t u r e  vs.  time ( c o o l i n g )  cu rve  for  t h e  sample. The slope of  the c o o l i n g  cu rve  

g i v e s  t h e  r a t e  of coo l ing .  The minimum cool ing  r a t e  f o r  which t h e  sample was 

t o t a l l y  g l a s sy ,  as determined w i t h  an optical  microscope a t  4 0 X ,  was t aken  as 

determined i n  t h i s  way was also v e r i f i e d  by c o n s t r u c t i n g  a TTT diagram 

f o r  t h e  glass.  The t empera tu re  of  the remelted sample on t h e  thermocouple 

bead was q u i c k l y  lowered t o  a t empera t a re  below t h e  l i q u i d u s  and h e l d  a t  t h a t  

t empera tu re  u n t i l  c r y s t a l l i z a t i o n  occurred .  The time r e q u i r e d  t o  c r y s t a l l i z e  

R R c *  c 

t h e  sample a t  a p a r t i c u l a r  t empera tu re  was p l o t t e d  a g a i n s t  t empera tu re  t o  

o b t a i n  the nose  shaped TTT diagram, as described i n  s e c t i o n  I B .  The R c  v a l u e s  

de te rmined  by v i s u a l  o b s e r v a t i o n  and TTT diagram were w i t h i n  ? l 0 C / s .  

A t y p i c a l  expe r imen ta l ly  determined TTT diagram f o r  the 35.7 CaO-39.3 

C a  0 -25 S i02 ,  mol$, glass f o r  a sample  diameter =3.5 mm i s  shown i n  F i g .  6. 

From t h i s  diagram, R c  is determined t o  be 3.zoC/s. For larger sample diame- 

ters,  t h e  c o o l i n g  r a t e  needed t o  o b t a i n  glass obv ious ly  i n c r e a s e s  as shown i n  

F i g .  7. The =11.3OC/s c o o l i n g  rate required t o  form glass for a sample  of 

2 3  

t h i s  melt whose s i z e  was i d e n t i c a l  t o  t h a t  used i n  t h e  f l i g h t  experiment ( for  
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TABLE V. Properties of terrestrially prepared glasses. 

39.3 Ga,0,-35.7 CaO- 
56 Ga,O,-44 CaO* 25 SiO,* 

Number of Corresponding 
Sample in Table I 

6 2 and 4 

4.195 + 0.015 Bulk Density, D (glcm') 4.480 +- 0.015 

Critical Cooling Rate, 
R (OC/s), for a sample 
=g mm in diameter 

Crystallization Temp. 
Tx ("C> 

550 + 50 1 1  + 2  

775 f 5 887 f 5 

Refractive Index, nD 1.7985 f 0.0008 1.7121 F 0.0008 

Dispersion, n -n 0.0290 f 0.0015 0.0175 + 0.0015 F C  

Abbe Number, v 27.4 k 2.5 40.5 + 2.5 

*Compositions are in mol%. 
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example sample # 2 ,  diameter 6.5 m m )  was determined from e x t r a p o l a t i o n  (F ig .  

7 ) .  T h i s  v a l u e  was determined by e x t r a p o l a t i n g  t h e  r e s u l t s  for  smaller 

samples  because a l i q u i d  sample w i t h  diameter > 4  mm would n o t  adhere t o  t h e  

thermocouple  bead because of i t s  e x c e s s i v e  weight  on ear th  ( i n  one-g). 

The inhomogenei t ies  p r e s e n t  i n  t h e  hot p r e s s e d  p r e c u r s o r  were character- 

ized by examining a f r a c t u r e  s u r f a c e  wi th  a scanning  e l e c t r o n  microscope 

(SEM). F i g u r e s  8 and 9 show t h e  g e n e r a l  appearance of t h e  hot  p r e s s e d  calcia- 

g a l l i a - s i l i c a  sample ( # 2 )  and t h e  presence of unreac ted  s i l i c a  ( q u a r t z )  par -  

t i c l e s  of d i f f e r e n t  s i z e  d i s p e r s e d  i n  t h e  c a l c i a - g a l l i a  m a t r i x .  The p a r t i a l  

d i s s o l u t i o n  of the  s i l i c a  p a r t i c l e s  during hot p r e s s i n g  i s  also a p p a r e n t  i n  

F i g .  9. A r e a c t i o n  l a y e r  = l o  t o  20 um around t h e  s i l i c a  p a r t i c l e  i s  observed 

af ter  hot p r e s s i n g  (1130°C and 1800 p s i  for  8 h i n  a rgon  atmosphere) .  

Unreacted s i l i c a  p a r t i c l e s  are a l so  v i s i b l e  i n  t h e  f r a c t u r e  surface of the  hot 

p r e s s e d  lead-si l icate  sample (Fig.  1 0 ) .  X-ray d i f f r a c t i o n  ( X R D )  a n a l y s i s  of 

t h e  h o t  p r e s s e d  p r e c u r s o r  showed t h a t  B-Ga 0 Ca2Ca2Si0 CaCa20,, and Si02,  
2 3' 7' 

2nd phCin "k,"3, Dh "2"* '4  C i n  U l l V  ant4 Sic2 ~.-,~e--e present i~ t h e  $al$ia-gallia-sili$s 2 ~ 6  

l ead-s i l ica te  samples (Table  V I ) ,  r e s p e c t i v e l y .  A small sample of t h e  ho t  

p r e s s e d  material. y i e l d e d  a homogeneous g l a s s ,  as determined by SEM, when it- 

was g iven  t h e  thermal t r e a t m e n t  planned for  the f l i g h t  exper iment ,  i.e., 

1 5 O O O C  for  4 min for  t h e  c a l c i a - g a l l i a - s i l i c a  sample and 900°C for  5 min fo r  

t h e  lead-s i l ica te  sample (see Table I ,  samples 2 and 7 ) .  I n  c o n t r a s t  t o  t h e  

hot p r e s s e d  samples ,  t h e  d e v i t r i f i e d  glasses of t h e  c a l c i a - g a l l i a - s i l i c a  and 

lead-s i l ica te  composi t ions c o n t a i n e d  6-Ca 0 and Ca2Ca2Si0 and PbSiO and 

Pb2Si04, r e s p e c t i v e l y  (Table V I ) .  

2 3  7' 3 
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A 

C 

B 

D 

Figure  8. Appearance of t h e  i n t e r i o r  of t h e  h o t  pressed  35.7 CaO- 

3 9 . 3  G a  0 -25 S i 0 2 ,  mol%, p recu r so r  a s  seen by SEM. 

Dark r eg ions  a r e  s i l i c a  p a r t i c l e s .  B i s  t h e  back s c a t -  
t e r e d  photograph of t h e  sample shown i n  A. F igure  C 

shows s i l i ca  p a r t i c l e s  % l o 0  micrometer s i z e  whi le  l a r g e r  
s i l i c a  p a r t i c l e s  -300 micrometer i n  s i z e  are shown i n  D. 

2 3  
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A 

Y Z 
Led v i e w  of a s i l i ca  p a r t i c l e  i n  t h e  f r a c t u r e  

s u r f a c e  of t h e  35.7 Ca0-39.3 Ga203-25 S i 0 2 ,  m o l % ,  h o t  

p r e s s e d  p r e c u r s o r .  The r e a c t i o n  of t h e  s i l i c a  p a r t i c l e  

w i t h  t h e  c a l c i a - g a l l i a  m a t r i x  p r o d u c e s  t h e  r e a c t i o n  

zone  shown i n  A .  X ,  Y ,  Z show t h e  e l e m e n t s  f o u n d  by 

EDAX i n  t h e  c a l c i a - g a l l i a  m a t r i x ,  s i l i c a  p a r t i c l e ,  and 

t h e  r e a c t i o n  z o n e ,  r e s p e c t i v e l y .  
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T E! E VI. Crystalline phases identified by XRD in the calcia-gallia-silica 
(#2  and 4 )  and lead-silicate (#7) precursor samples. 

Composition, 
Mol% Sample Description 

Crystalline Phases 
Ident if ied 

Portion of hot pressed 6-Ga,O,, CaGa,O,, 
material from which Ca,Ga,SiO,, and 
precursor sample 2 was SiO, 
made. 

Glass sample devitrified B-Ga,O, and 
at 1000°C for 1 h. Same Ca,Ga,SiO, 
heat treatment used for 
precursor sample 4. 

Portion of hot pressed PbSiO,, SiO,, and 
material from which Pb ,SiO, 
precursor sample 7 was 
prepared. 

50 Pb0-50 SiO, 
Glass sample devitrified PbSiO, and Pb,SiO, 
at 6OOOC for 2 h. 
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I V ,  REHOVAL AND HANDLING OF POST-FLIGHT SAMPLES 

When r e t u r n e d  t o  MSFC, after t h e  completion of t h e  D-1 m i s s i o n  t h e  e n t i r e  

MEA/A-2 f l i g h t  a p p a r a t u s  was p laced  i n s i d e  a p l a s t i c  t e n t  i n  a l a r g e  d u s t - f r e e  

room. The s p a c e  mder t h e  t e n t  was maintained a t  a t e m p e r a t u r e  27OC and a 

r e l a t i v e  humidi ty  of < l5$ .  P r e l i m i n a r y  examination of t h e  a c o u s t i c  l e v i t a t o r  

a f te r  t h e  f l i g h t  experiment showed t h a t  i t  was i n  good c o n d i t i o n .  The p o s i -  

t i o n  of the c a r o u s e l  h o l d i n g  the sample i n j e c t o r s  was between sample p o s i t i o n  

numbers 1 and 2 w i t h  r e f e r e n c e  t o  t h e  l e v i t a t o r / f u r n a c e .  

The f l i g h t  samples were removed from t h e  MEA/A-2 f l i g h t  a p p a r a t u s  on 2 

December 1985 i n  c o n s e c u t i v e  numerical  order s t a r t i n g  w i t h  sample 1 and ending  

w i t h  sample 8. After d e t a c h i n g  each sample i n j e c t o r  from t h e  S A A L ,  each 

i n j e c t o r  h o l d i n g  a sample was sealed i n  a s e p a r a t e  p l a s t i c  c o n t a i n e r  which had 

been p r e v i o u s l y  purged w i t h  d r y  a i r .  These p l a s t i c  c o n t a i n e r s  were t h e n  

t r a n s f e r r e d  t o  a glove box f i l l e d  w i t h  d r y  a rgon  gas  (27OC, r e l a t i v e  hrunid i ty  

<15%) fo r  t h e  purpose of removing t h e  samples from t h e  i n j e c t i o n  cages.  

The samples (pyeept. !b2) were remnvec! f r n m  t h e i r  cages c!? 2 Eecember ! 985  

and s tored t e m p o r a r i l y  i n  small p l a s t i c  bags. The samples  were handled w i t h  a 

c l e a n  p l a s t i c  t u b e  connected t o  a vacuum punp. Sample 2 ( c a l c i a - g a l l i a -  

s i l i c a ,  hot p r e s s e d )  was s t u c k  t o  t h e  platinum wire cage and could  n o t  be 

removed from t h e  cage a t  t h a t  time. The e n t i r e  cage a l o n g  w i t h  t h e  a d h e r i n g  

sample ( 8 2 )  was stored i n  a c l e a n  p l a s t i c  bag c o n t a i n i n g  a d e s i c c a n t .  The 

samples  ( e x c e p t  #2) were t h e n  weighed, photographed, and sealed i n  evacuated  

g l a s s  tubes .  A l l  t h e  samples (except  113) were hand carried t o  t h e  U n i v e r s i t y  

of Missour i -Rol la ,  Materials Research Center ,  fo r  a n a l y s i s .  Sample 3, which 

had been a hollow s h e l l  of soda-lime-silica g l a s s ,  was t r a n s f e r r e d  t o  Mr. 

Frank Gac who hand carried i t  t o  LANL. Three p r i n t s  of t h e  motion p i c t u r e  

f i l m  from t h e  f l i g h t  experiment were given t o  D. E. Day and he t r a n s f e r r e d  one  

copy t o  Frank  Gac of LANL. 
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V. POST-FLIBIT SAMPLE ANALYSIS 

A. Visua l  Examination 

Immediately a f t e r  removal from t h e  MEA/A-2 hardware and SAAL a t  MSFC, 

each sample was v i s u a l l y  examined and i t s  p o s i t i o n  i n  t h e  i n j e c t i o n  cage was 

compared w i t h  tha t  as i n i t i a l l y  i n s t a l l e d .  The o b s e r v a t i o n s  are g iven  i n  

Tab le  V I I .  Samples 1 and 3 were found t o  be l o o s e  i n s i d e  t h e  p la t inum wire 

cage i n s t e a d  of be ing  clamped between t h e  cage and a l a n i n a  tube .  Sample 3 

appeared  t o  be t o t a l l y  g l a s s y ,  b u t  t h e  bubb le  i n i t i a l l y  p r e s e n t  i n s i d e  t h i s  

sample  was not  v i s i b l e .  Sample 2 was found s t u c k  t o  one  s i d e  of  t h e  cage  a t  

t h e  j u n c t i o n  of three p la t inum wires, see  F i g s .  1 1  and 12. A l l  three wires 

were p a r t i a l l y  imbedded i n  t h e  sample .  That p o r t i o n  of the  sample touch ing  

t h e  cage wires was c r y s t a l l i n e ,  b u t  t h e  remaining part was g l a s s y .  No change 

i n  c o l o r ,  shape ,  o r  p o s i t i o n  (compared t o  t h a t  as i n s t a l l e d )  was detectable 

f o r  samples 4 th rough 8 and each of t h e s e  samples was still  clamped between 

t h e  cage and alumina t u b e  as when t h e y  were i n s t a l l e d .  Based on t h e  l o c a t i o n  

of samples  4 t . h r n i p h  8 i.t. ;rppe;lrs t.ha-t. nnnp of t.hem had hppn in.sert.ed_ i n t . ~  t h p  

ho t  f u r n a c e ,  released, and l e v i t a t e d .  

B . Wei gh t  . Change 

The weight  of each sample was meas-wed a f t e r  t h e  f l i g h t  experiment and 

compared w i t h  i t s  weight when i n s t a l l e d  ( p r e c u r s o r  s amples )  i n  t h e  a c o u s t i c  

l e v i t a t o r / f u r n a c e ,  see Table  VIII. F l i g h t  sample 2 cou ld  n o t  be weighed as i t  

had s t u c k  t o  t h e  cage. There was no known r e a s o n  t o  expec t  a weight change 

f o r  any of the  samples melted i n  space and no e x p e r i m e n t a l l y  s i g n i f i c a n t  

weight change was observed. The weight of each sample remained c o n s t a n t  f o r  

t h e  p e r i o d  i t  was s t o r e d  i n  the  MEA/A-2 f l i g h t  a p p a r a t u s  b e f o r e  and a f t e r  t h e  

f l i g h t  exper iment .  
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TABLE V I I .  V i s u a l  o b s e r v a t i o n  of MEA/A-2 f l i g h t  samples made immediately 
af ter  removal from the SAAL-1 a t  MSFC on 2 December 1985. 

Sample No. 
( f o r  d e s c r i p t i o n  

see Table  I )  Observations/Remarks 

# 1 

B 2 

85 

Sample l o o k s  good. No change i n  c o l o r .  Not clamped 
( c a p t u r e d )  between t h e  cage  and alumina tube.  

Sample s t u c k  to  the p l a t inum cage  wires and l o c a t e d  
between t h e  c e n t r a l  t h i c k  h o r i z o n t a l  wire, one t h i n  
and a t h i c k  v e r t i c a l  wire. A l l  three p la t inum wires 
were p a r t i a l l y  embedded i n  t h e  sample. The par ts  of  
t h e  sample i n  c o n t a c t  w i th  t h e  wires were c r y s t a l l i n e ,  
whereas, t h e  c e n t r a l  p o r t i o n  ( n o t  i n  c o n t a c t  w i th  t he  
wires) is glassy.  

Glass sample. Looks s p h e r i c a l .  The bubble  o r i g i n a l l y  
p r e s e n t  i n s i d e  the sample was n o t  v i s i b l e .  Not cap- 
t u r e d  by the cage and alumina t u b e  and found s i t t i n g  
l o o s e l y  a t  the bottom of the  cage. 

No change i n  co lo r  o r  shape .  
P e r f e c t l y  clamped between t h e  cage  and the  alumina 
tube.  Sample appears  t o  be  i n  t h e  same p o s i t i o n  as 
wiier i  irisiaiiaii .  

Sample l o o k s  good. 

No change i n  co lo r  o r  i n  shape. The p o s i t i o n  o f  t he  
bubbles  i n s i d e  the sample appea r s  unchanged. No 
p o s i t i o n a l  change is e v i d e n t  when compared t o  
i n s t a l l e d  p o s i t i o n .  

No change i n  c o l o r ,  shape ,  o r  p o s i t i o n .  

No change i n  c o l o r ,  shape ,  o r  p o s i t i o n .  

No change i n  c o l o r ,  shape ,  o r  p o s i t i o n .  



35 

Figure 11. Flight sample 2 (35.7 Ca0-39.3 Ga203-25 Si02, mol%, 
hot pressed) stuck to platinum wire cage while levi- 
tated and melted in space (MEA/A-2). The sample 
crystallized where it contacted the cage wires. 
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ORIGINAL PAGE IS 
OF POOR QUALITY 

Figure 12. Flight sample 2 (35.7 Ca0-39.3 Ga203-25 Si02, mol%, 
hot pressed), MEA/A-2, with the imbedded platinum wires. 



TABLE V I I I .  Weight of MEA/A-2 samples. 

Weight ( gm) 
Flight Sample. Precursor Sample. 
Measured at MSFC Measured at MSFC 

Sample No. on 12/3/85 after on 5/16/85 before 
(for description removal from the installation in Difference 
see Table I) sample in j ec t or s . the injectors. (gm) 

# 1 

B 2 

3 

# 4 

11 5 

# 6 

# 7 

# 8 

Standard Weight 

0.5136 

** 

0.1813 

1.051 1 

0.3310 

0.7654 

1.001 3 

0.0742 

1.0004 

* 

0.5665 

0.1806 

1.0515 

0.3310 

0.7661 

1.001 1 

* 

1.0003 

--- 

+O .0007 

-0.0004 

0.0000 

-0.0007 

+o. 0002 

--- 

+0.0001 

*Alumina sample, not measured when installed. 
**Flight sample #2 stuck t o  the cage and, therefore, was not measured after 
recovery. 



C. F i l m  and F l i g h t  Data 

A motion p i c t u r e  camera recorded  t h e  sample whi le  i t  was i n s i d e  t h e  SAAL. 

A photographic  r e c o r d  was ob ta ined  f o r  samples 1 ,  2 ,  and 3 on ly  and no data 

was ob ta ined  f o r  the remaining f i v e  samples (114 through 8) .  The f i l m  showed 

tha t  t h e  i n j e c t i o n  mechanism worked sa t i s fac tor i ly  f o r  a l l  three samples.  

Immediately after release, t h e  samples o s c i l l a t e d  over  a d i s t a n c e  of roughly  

two sample diameters, bu t  g radua l ly  became more s table  w i t h  t i m e .  The samples 

o s c i l l a t e d  w i t h  a s imple  harmonic motion f o r  a few seconds i n  a p l ane  perpen- 

d i c u l a r  t o  t h e  l i n e  j o i n i n g  t h e  sound source and r e f l e c t o r  after be ing  

i n s e r t e d  i n t o  the SAAL and released bu t  d i d  n o t  touch the  plat inum cage. The 

magnitude of t h i s  o s c i l l a t i o n  g r a d u a l l y  diminished u n t i l  t h e  sample became 

almost  s t a t i o n a r y  i n  t h e  a c o u s t i c  energy well. The sample remained s t a t i o n a r y  

even a f te r  becoming molten,  bu t  t h e n  s t a r t e d  o s c i l l a t i n g  a g a i n  when the  cool-  

i n g  shroud g a t e  opened. I t  was c l e a r  from t h e  f i l m  t ha t  sample 2 s t r u c k  and 

adhered t o  t he  plat inum cage on t h e  s i d e  o p p o s i t e  t o  t h e  coo l ing  shroud ga te .  

Tile i n s ' c a b i i i t y  or sampie Z and its movement ou t  of tne a c o u s t i c  w e i i  occur red  

a t  t h e  time t h e  shroud g a t e  opened f o r  cool ing t h e  sample. No s p e c i f i c  r eason  

i s  known f o r  why sample 2 escaped from t h e  a c o u s t i c  energy wel l ,  bu t  i t  is 

p o s s i b l e  t h a t  a tempera ture  g r a d i e n t  caused by opening the coo l ing  shroud g a t e  

produced a l a r g e  pressLlre g r a d i e n t  i n s i d e  t h e  fu rnace  which was s u f f i c i e n t  t o  

destabi l ize  and d i s p l a c e  sample 2 from the  a c o u s t i c  energy well. 

The bubble i n s i d e  sample 3 appeared s p h e r i c a l  and symmetrical w i t h  

r e s p e c t  t o  t he  o u t e r  surface of t h e  g l a s s  when t h e  sample was f u l l y  molten.  I t  

remained l i k e  t h i s  f o r  ~ 7 5 %  of the  time at maximum temperature .  A few seconds 

b e f o r e  c o o l i n g  commenced, t h e  bubble  s t a r t e d  moving s lowly  t o  one s i d e  of  t h e  

sample and e v e n t u a l l y  escaped from t h e  sample j u s t  after c o o l i n g  commenced. 

The r e c a p t u r e  of samples 1 and 3 by t he  cage and alumina tube  and t h e  

r e t r a c t i o n  of the  sample i n j e c t o r  from t h e  SAAL were n o t  v i s i b l e  s i n c e  t h e  
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i l l u m i n a t i o n  for f i l m i n g  was t o o  low at the  r e c a p t u r e  tempera ture .  The o n l y  

i l l u m i n a t i o n  a v a i l a b l e  is t h a t  from t h e  hea t ing  elements .  None of samples 1 ,  

2, o r  3 were found clamped between t h e  cage and t h e  alumina tube  as planned 

for normal recovery.  Based on v i s u a l  obse rva t ions  and t h e  f i l m  data, t h e  ove- 

r a l l  r e s u l t s  of t h e  MEA/A-2 f l i g h t  experiment are stunmarized i n  Tab le  I X .  

I t  shou ld  be noted t ha t  t h e  temperata-e and time desired f o r  p rocess ing  

samples 2 and 3 were no t  p r e c i s e l y  maintained du r ing  t h e  f l i g h t  experiment and 

a random tempera ture  f l u c t u a t i o n  i n s i d e  the  f u r n a c e  was a l s o  observed.  The 

temperature- t ime p r o f i l e  a c t u a l l y  followed for  samples 2 and 3 i s  compared 

w i t h  t h e  desired p r o f i l e  i n  F igs .  13  and 1 4 ,  r e s p e c t i v e l y .  For sample 2, t h e  

f u r n a c e  t empera tu re  was 155OOC i n s t e a d  of 1 5 0 O O C  j u s t  be fo re  sample i n s e r t i o n .  

During sample i n s e r t i o n  t h e  tempera ture  dropped t o  1 4 5 0 O C  and remained there 

f o r  2 min 15 s. The o r i g i n a l  plan was t o  heat t h e  sample a t  1 5 0 O O C  f o r  4 min, 

b u t  t h e  s a m p l e  was a c t u a l l y  h e l d  a t  1 4 5 O O C  f o r  2 min 15 s and a t  1 5 0 O O C  f o r  1 

min 45 s before coo l ing  started.  Af te r  coo l ing  fo r  4 min t h e  sample was 

r e t r i e v e d  from t h e  fu rnace  a t  8 2 O O C  i n s t ead  of  70OoC as desired. For sample 

3, t h e  f u r n a c e  tempera ture  was gO- lOO°C higher than  t h e  planned tempera ture  of 

125OOC (see F i g .  1 4 )  and t h e  sample was r e t r i e v e d  a t  5OOOC i n s t e a d  of 600OC. 

D .  Sample Ana lys i s ,  Scanning E lec t ron  Microscopy (SEM) 

Sample 1 and 8 (Allunina). When examined by SEM, numerous f o r e i g n  par-  

t i c l e s  were found on t h e  s u r f a c e  of sample 1 .  When these p a r t i c l e s  were ana- 

l y z e d  by energy  d i s p e r s i v e  x-ray a n a l y s i s  ( E D A X ) ,  t h e  elements  S i ,  Mg, T i ,  Ag, 

K ,  and C 1  were detected. The s ixface of the  o t h e r  alumina sample (#8 ) ,  which 

was not  l e v i t a t e d  o r  processed du r ing  t h e  MEA/A-2 experiment was a l s o  examined 

by SEM and found t o  con ta in  S i ,  K ,  and C1. The s0LU"ce of t h i s  contaminat ion  

on samples 1 and 8 is unknown. 

Sample 2 (Ca lc i a -Ga l l i a -S i l i ca ,  Hot-Pressed).  T h i s  sample was removed 

from t h e  p la t inum wire cage by c u t t i n g  the  wires t o  which i t  s t u c k ,  see Fig .  
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TABLE I X .  Important general results for MEA/A-2 experiment, STS-61A. 

1. Three samples were levitated and heat treated 
as planned. 

2. The single axis acoustic levitator/furnace (SAAL) 
operated satisfactorily. 

3.  A fluid melt was successfully levitated at 
temperatures between 1250 and 150OOC for several 
minutes ( 6  to 10 min). 

4. Two melts were successfully quenched to glass. 

5. A good photographic record was obtained for the 
entire processing cycle of the three samples 
processed. 

6. Hot pressing is a feasible means of preparing 
precursor samples. 
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SAMPLE 
(4:20:46) 

@\ ’ 

INSERTED 1 SAMPLE RETRIEVED 
(4:28:47) 

P COOLING STARTED 
0 Y Y m (4:24:45) L & p &  e .  7 

x THERMOCOUPLE (I) 
CLOSE TO SAMPLE 

SUGGESTED PROFILE 

4:20:00 21 22 23 24 25 26 27 28 29 

TIME, MIN - 
Figure 13. The planned and observed time-temperature profile €or 

35.7 Ca0-39.3 Ga203-25 Si02, mol%, hot pressed sample 
( # 2 )  when processed in the single axis acoustic 
levitator , MEA/A-2. 
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Figure 14. The planned and observed time-temperature profile for 
the soda-lime-silica glass shell ( # 3 )  processed in the 
acoustic levitator, MEA/A-2. 
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12. F i g u r e  15 shows the  sample  when the platinum wires imbedded i n  the  sample  

were removed. The sample was examined first w i t h  a n  o p t i c a l  microscope a t  

40x. That p a r t  of t he  sample  t o u c h i n g  the wires was c r y s t a l l i z e d  fo r  a d i s -  

t a n c e  of about  1 mm from both  sides of t h e  wire. The c e n t r a l  p a r t  of t h i s  

sample  which d i d  n o t  t o u c h  t h e  wires was g l a s s y ,  w i t h  scattered c r y s t a l s  on 

t h e  s u r f a c e  of t h e  g l a s s y  p o r t i o n .  C r y s t a l l i z a t i o n  on  t h e  s u r f a c e  o p p o s i t e  t o  

t h e  cage  ( s u r f a c e  2, see F i g .  l l ) ,  was c o n s i d e r a b l y  less t h a n  on  t h e  s u r f a c e  

t o u c h i n g  t h e  cage (surface 1 ) .  S e v e r a l  small gas  bubbles  (=20 t o  30, diameter 

~ 0 . 1 7  mm and less )  were a l so  v i s i b l e  and they  t e n d e d  t o  c o n c e n t r a t e  toward the 

s-urface f a c i n g  t h e  t i p  of t h e  p la t inum wire cage  (i.e.,  i n  t h e  d i r e c t i o n  of 

t h e  sound s o u r c e ) .  When examined by SEM, two t y p e s  of c r y s t a l s ,  o n e  f l a t  and 

smooth and the  o t h e r  rough and n e e d l e  shaped, were found on t h e  e x t e r n a l  s u r -  

face ( F i g .  1 6 ) .  EDAX showed t h a t  t h e  f l a t ,  smooth c r y s t a l s  c o n t a i n e d  p r i -  

m a r i l y  Ga w h i l e  t h e  rough c r y s t a l s  conta ined  Ca, Ca, and  S i .  XRD analysis of 

t h e  hot p r e s s e d  material of t h i s  same c a l c i a - g a l l i a - s i l i c a  composi t ion ,  which 

nad been melted and d e v i t r i f i e d  on earth, s u g g e s t s  tha t  t h e  c r y s t a l s  are 

B-Ga 0 and Ca2Ga2Si0 The small q u a n t i t y  of c r y s t a l s  from t h e  f l i g h t  sample 

has p r e v e n t e d  their  p o s i t i v e  XRD i d e n t i f i c a t i o n .  
2 3  7' 

Numerous rod shaped  p a r t i c l e s  ( = 3  t o  4 pm i n  diameter and 20 t o  50 pm 

l o n g ) ,  s u c h  as t h o s e  shown i n  F i g .  17 ,  were found a t  d i f f e r e n t  l o c a t i o n s  on 

t h e  p la t inum wires imbedded i n  f l i g h t  sample 2. EDAX showed tha t  these rods 

c o n t a i n e d  70 t o  80 w t g  A 1 2 0 3  and 20 t o  30 w t l  Si02. T h i s  i s  v e r y  close t o  t h e  

c o m p o s i t i o n  of m u l l i t e  ( w t %  composi t ion ,  71.8 A 1  0 -28.2 Si02).  The surface 

of sample  2 was also found t o  be contaminated by these rod shaped  p a r t i c l e s  

and t h e y  c o u l d  have i n i t i a t e d  the s c a t t e r e d  c r y s t a l l i z a t i o n  o n  t h e  s u r f a c e  of 

sample  2 ( F i g .  18) .  A p i e c e  of t h e  refractory i n s u l a t i o n  used i n  t h e  SAAL 

a l so  c o n t a i n e d  p a r t i c l e s  whose s i z e ,  shape,  and chemical composi t ion  were 

i d e n t i c a l  w i t h  those found on  t h e  sample 2 ( F i g .  1 7 ) .  The e x t r a n e o u s  

2 3  
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F i g u r e  18. C r y s t a l l i z a t i o n  found o n  t h e  e x t e r n a l  s u r f a c e  of  f l i g h t  

sample 2 (35 .7  Ca0-39.3 Ga203-25 S i 0 2 ,  m o l % ,  h o t  
p re s sed )  from s u r f a c e  #1 i n  F ig .  11. S u r f a c e  c r y s t a l -  
l i z a t i o n  is  seen  t o  i n i t i a t e  from t h e  d a r k  s p o t  a t  t h e  
c e n t e r  of A ,  which i s  due t o  contaminat ion .  Enlarged  
views (B and C )  of  t h e  dark s p o t  i n  A show t h a t  it con- 
t a i n s  rod-shaped p a r t i c l e s  l i k e  t h o s e  shown i n  F ig .  17 .  
EDAX ( D )  shows t h a t  t hese  p a r t i c l e s  c o n t a i n  A 1  and S i .  
The C a  and G a  i n  D come from t h e  sur rounding  ma t r ix .  



p a r t i c l e s  found on t h e  s u r f a c e  of sample 2 are be l i eved  t o  o r i g i n a t e  from t h e  

r e f r a c t o r y  i n s u l a t i o n  used i n  t h e  SAAL. I n  a d d i t i o n ,  K ,  S, and C1 were 

detected as contaminat ion  on t h e  e x t e r n a l  s u r f a c e  of sample 2 ,  see Fig .  19. 

The r e l a t i v e  composition a t  n*merous l o c a t i o n s  on t he  e x t e r n a l  s u r f a c e  of 

sample  2 was determined by EDAX. The average r e l a t i v e  composi t ion,  based on 

15-20 d i f f e r e n t  l o c a t i o n s  of 11600 t o  2500 pm2 i n  area, on each surface is 

given i n  Table X.  These r e s u l t s  show t h a t  t h e  e x t e r n a l  surface of Sample 2 is 

f a i r l y  inhomogeneous. Su r face  1 is more inhomogeneous than  s u r f a c e  2,  which 

i s  c o n s i s t e n t  w i t h  f a c t  t ha t  s u r f a c e  1 was more h e a v i l y  c r y s t a l l i z e d  t h a n  s u r -  

face 2. 

The platinum-rhodi’m wires imbedded i n  t h e  sample were removed, and t h e  

sample was broken s o  t h a t  i ts i n t e r i o r  could be examined. The i n t e r i o r  ( b u l k )  

s u r f a c e  of four d i f f e r e n t  f r a c t u r e d  pieces  of s a m p l e  2 was analyzed as shown 

i n  F ig .  20, t h e  c r y s t a l l i z e d  r e g i o n  extended ( = l  mm) i n t o  the  sample on3.y a t  

those p o i n t s  which touched t h e  platinum wires. The c r y s t a l s  a t  o t h e r  loca- 

t i o n s  were e s s e n t i a l l y  conf ined  t o  t h e  e x t e r n a l  surface. The c r y s t a l l i z e d  

r e g i o n  ex tending  i n t o  t h e  i n t e r i o r  also contained t h e  Same two types  of crys- 

t a l s  found on  t h e  e x t e r n a l  s u r f a c e .  The r e l a t i v e  composi t ion determined (by  

E D A X )  a t  10-12 d i f f e r e n t  l o c a t i o n s  i n  t h e  g l a s s y  i n t e r i o r  are compared i n  F ig .  

21 w i t h  t h a t  of t h e  external s u r f a c e ,  s ee  Table X I  also. The i n t e r i o r  ( b u l k )  

is cons ide rab ly  more homogeneous than  the  e x t e r n a l  s u r f a c e .  The gene ra l  

appearance of t h e  i n t e r i o r  of sample 2 is shown i n  F ig .  22. The 100 t o  300 pm 

s i l i c a  p a r t i c l e s  o r  s i l i ca- r ich  reg ions  i n i t i a l l y  p r e s e n t  i n  t h e  p recu r so r  

(F igs .  8 and 9) were no t  found either on t h e  e x t e r n a l  s u r f a c e  o r  i n  t h e  i n t e -  

r i o r  of sample 2. As shown i n  F ig .  22, a few bubbles (30 t o  40, diameter 

<0.17 m m ) ,  were found i n s i d e  sample 2. The o v e r a l l  r e s u l t s  f o r  t h e  e x t e r n a l  

s u r f a c e  and i n t e r i o r  of sample 2 are sLunmarized i n  F igs .  23 and 24, r e spec -  

ti ve ly  . 
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Figure  1 9 .  Mic ros t ruc tu re  o f  t h e  e x t e r n a l  s u r f a c e  of  f l i g h t  sample 
2 (35.7 Ca0-39.3 Ga203-25 S i 0 2 ,  mol%, h o t  p re s sed )  
showing c r y s t a l  concen t r a t ion  a t  d i f f e r e n t  d i s t a n c e s  
from t h e  v e r t i c a l  platinum w i r e  imbedded i n  the sample 
i n  Fig.  11. A i s  ad jacent  t o  t h e  p la t inum w i r e ,  whi le  
B and C are 'L0.5 and 1 mm away from t h e  p la t inum w i r e ,  
r e s p e c t i v e l y ,  i n  t h e  d i r e c t i o n  of  s u r f a c e  1. Small 
wh i t e  s p o t s  i n  B and C a re  i m p u r i t i e s  c o n t a i n i n g  K ,  S I  

and C 1  (see D) . 
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TABLE X. Relative wt% composition (EDAX) of the external surface of sample #2 
(calcia-gallia-silica, hot pressed), MEA/A-2 experiment. Typical 
area analyzed ~ 1 6 0 0 - 2 5 0 0  square micrometers. 

Wt% 
Surface 1 Surface 2 Composition 

Oxides (in contact with cage) (not in contact with cage) of Precursor 

Min Ave Max* Min* Ave* Max 

SiO, 27.1% 14.9% 21.7% 24.7% 16.4% 21.3% 13.8 

CaO 19.7 12.8 17.2 20.2 18.6 19.6 18.4 

Ga203 72.8 54.7 61 .2 63.7 56.7 59.1 67.8 
~~ ~ ~ ~ ~~~ 

*Maximum, minimum, and average wt% of 10-20 different locations. 
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F i g u r e  20. P i e c e s  of f l i g h t  sample 2 (35.7 Ca0-39.3 Ga203-25 S i 0 2 ,  
m o l % ,  h o t  pressed)  showing t h e  i n t e r i o r  f r a c t u r e  s u r f a c e  
examined by SEM. I n  A and C t h e  c r y s t a l l i n e  r e g i o n  
extended i n t o  t h e  bulk %l mm from t h e  imbedded plat inum 
w i r e .  The remaining por t ion  of t h e  bulk  is  g l a s s y  as 
shown i n  B and D. This  sample is  e s t i m a t e d  t o  be 70 t o  
80% g l a s s .  A few small gas  bubbles  are v i s i b l e  i n  t h e  
c e n t e r  p a r t  of C and c l o s e  t o  t h e  b o t t o m  l e f t  s i d e  of 
t h e  p i e c e  i n  D. Frac ture  s u r f a c e s  w e r e  e tched  i n  2 %  
H N 0 3  + H C 1  s o l u t i o n  for 15 seconds a t  25OC. 
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TABLE XI. Relative wt% composition (EDAX) in the interior of 
sample #2, MEA/A-2 experiment. Average area analyzed 
=I  600-2500 square micrometers. 

Oxides Interior Surface 

Wt% 
Composition 
of Precursor 

Max * Min* Ave* 

SiO, 18.6% 14.4% 16.6% 13.8 

CaO 18.1 17.2 17.7 18.4 

Ga*O, 68.2 63.5 65.7 67.8 
~~ ~~~~~ 

*Maximum, minimum, and average wt% of 10-20 different locations. 
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Figure 22. General appearance in the 

I 

D 

nter or of sample 2 (35.7 
Ca0-39.3 Ga203-25 Si02, mol%, hot pressed). A: glass- 
crystal interface, B: appearance of glassy region, C: 
gas bubbles, and D: irregular shaped channels, the 
source of which are unknown. Surfaces were etched in 
2% HN03 + HC1 solution for  15 seconds at 25OC. 
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HETEROGENEOUS 
COMPOSITION 

G a A  AND 
(CaO, Ga203, Si$) 
CRYSTALS 

xxxx 
... . . xxxx 
.. , I... .. .. .. 

\ t y  
CONTAMINANTS 
K, S AND CI 

Figure 23. Summary of analysis for  the external surface of sample 
2 (35.7 Ca0-39.3 Ga203-25 SiOz, mol%, hot pressed). 
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2. 

3. 

4. 

MOGENEOUS 
COMPOS ITION 

NO IMPURITIES 
\ 

\ 

/ 

NO UNMELTED SILKA 
PARTICLES 

FEW GAS BUBBLES 
(DIA. < 116mm) 

5. 80% GLASS 

F i g u r e  2 4 .  Summary of a n a l y s i s  f o r  t h e  i n t e r i o r  of  sample 2 ( 3 5 . 7  

Ca0-39 .3  Ga203-25  S i 0 2 ,  m o l % ,  h o t  p r e s s e d ) .  
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The examinat ion of f l i g h t  sample 2 i n d i c a t e s  t h a t  i t  c o n t a i n s  70 t o  80% 

g l a s s  and t h e  remainder i s  c r y s t a l l i n e .  It i s  be l i eved  t h a t  t h i s  sample would 

have been t o t a l l y  g l a s s y  i f  it d i d  n o t  c o l l i d e  w i t h  t h e  cage s i n c e  o n l y  that  

p o r t i o n  c o n t a c t i n g  t h e  plat inum wires c r y s t a l l i z e d .  The average  coo l ing  rate 

between 1450 and 1000°C, as c a l c u l a t e d  from t h e  t ime-temperature  data from t h e  

f l i g h t  r eco rde r  on M E A / A - 2 ,  w a s  4.2OC/s. Th i s  i s  lower t h a n  t h e  coo l ing  rate 

of 11.3oC/s, which was r e q u i r e d  t o  form g l a s s  on earth for  a sample of i d e n t i -  

cal  s i z e ,  b y  a factor of 2.7. T h i s  i n d i c a t e s  t ha t  the g l a s s  format ion  t e n -  

dency of t h i s  c a l c i a - g a l l i a - s i l i c a  composition is improved by a f a c t o r  of 

between 2 and 3 when m e l t e d  i n  a c o n t a i n e r l e s s  manner i n  space. Based on t h e  

coo l ing  ra te  data measured on earth,  a TTT diagram f o r  t h i s  g l a s s  w i t h  a 

sample  diameter 6.5 mm ( i d e n t i c a l  t o  sample 2,  M E A / A - 2 )  has been estimated and 

is drawn i n  F ig .  25. Superimposed on the TTT diagram is the a c t u a l  coo l ing  

curve  of  f l i g h t  s a m p l e  2 which is seen  t o  i n t e r s e c t  t h e  c r y s t a l l i z a t i o n  r e g i o n  

i n s i d e  t h e  TTT diagram. Th i s  i n d i c a t e s  that  a sample cooled  on earth a t  a 

ra te  equal  t o  tha t  used i n  t h e  f l i g h t  experiment would be t o t a l l y  c r y s t a l l i n e .  

The f a c t  t h a t  t h e  sample r e t u r n e d  p a r t i a l l y  g l a s s y  c lear ly  demonst ra tes  that  

c o n t a i n e r l e s s  me l t ing  i n c r e a s e s  t h e  g l a s s  format ion  tendency of t h i s  c a l c i a -  

g a l l i a - s i l i c a  composition. 

XII. 

The a n a l y s i s  of t h i s  sample is s * m a r i z e d  i n  Table 

Sample 3 (Soda-Lime-Silica Glass S h e l l ) .  A s  mentioned earlier,  t h i s  

g l a s s  macro she l l  was used p r i m a r i l y  t o  assess t h e  f e a s i b i l i t y  of removing 

i r r e g u l a r i t i e s  from its inne r  surface and r e shap ing  i t  i n  micro-g i n t o  a 

h i g h l y  spherical she l l  of uniform wall th ickness .  Radiographic  a n a l y s i s  of  

t h e  pos t  f l i g h t  sample confirmed tha t  i t  was no longer  a she l l ,  bu t  an e l l i p -  

s o i d a l  (egg-shaped) p i e c e  of s o l i d  g l a s s .  The l a r g e s t  t o  smallest diameter 

d i f f e r e d  by ~ 0 . 5 2 1  mm (diameter, max = 5.334, min = 4.813 mm) .  F ig .  26 com- 

p a r e s  t h e  r ad iog raphs  of t h e  pre-  and pos t - f l i gh t  samples. The l a r g e  bubble  
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TABLE XII. Results for the hot pressed calcia-gallia-silica sample 
( 8 2 )  processed on MEA/A-2 experiment. 

1. 

2. 

3 .  

4. 

5 .  

6. 

7 .  

8. 

9 .  

The sample escaped the acoustic energy well and stuck to the 
cage wires while levitated in the SAAL in space. Escape was 
clearly associated with the opening of the SAAL cooling shroud 
gate. 

70 to 80% of the sample was glassy. Partial crystallization 
( ~ 2 0 % )  was observed where the melt touched the platinum wires 
of the cage. .Examination by SEM and EDAX showed that the 
crystalline phases were Ga,O, and Ca,Ga,SiO,. 

Comparison of the critical cooling rate for glass formation of 
this glass on earth with the cooling rate used in the flight 
experiment, showed a 2 to 3 times enhancement of glass forma- 
tion for this composition melted in space. 

The large silica particles (100-300 pm) initially present in 
the precursor were undetectable in the flight sample. 

The interior of the sample was more chemically homogeneous 
than the external surface. 

Impurities such as S, K, C1, and the furnace insulation 
(aluminum silicate) were found on the external surface of 
this sample. 

A few spherical gas bubbles < 0.17 mm in diameter were present 
in the interior of this sample. 

No significant difference in properties was found for the 
glass made in space or on earth. 

Hot pressing is a feasible means of preparing precursor 
samples. 
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and the i n n e r  s u r f a c e - i r r e g u l a r i t i e s  present  i n s i d e  t h e  p r e - f l i g h t  sample are 

c l e a r l y  v i s i b l e ,  bu t  no bubble is v i s i b l e  i n  the  p o s t - f l i g h t  sample. Measure- 

ments show tha t  surface f i n i s h  of  t h e  p o s t - f l i g h t  sample is very  smooth, equ i -  

v a l e n t  t o  a f i r e  p o l i s h  s u r f a c e .  The l a r g e s t  peak t o  v a l l e y  roughness  on t h e  

s u r f a c e  i s  ~ 1 3 5  A O ,  w i t h  a maximum r o o t  mean squa re  ( R M S )  va lue  =21 A O .  Com- 

p o s i t i o n a l  a n a l y s i s  of t he  external .  su r f ace  i n d i c a t e s  t ha t  u n l i k e  sample 2, 

t h i s  sample was not  contaminated by any f o r e i g n  material. The o v e r a l l  ana ly-  

sis r e s u l t s  of t h i s  sample are simmarized i n  Tab le  XIII. 

The r eason  why t h e  bubb le  escaped from sample 3 and how i t  deformed t o  an 

e l l i p s o i d a l  shape is not  clear a t  t h i s  po in t .  One p o s s i b l e  e x p l a n a t i o n  f o r  

t h e  escape  of the  bubble is t h e  ex i s t ence  of  a tempera ture  g r a d i e n t ,  which 

might e s t a b l i s h  a s u r f a c e  t e n s i o n  gradien t  i n  t h e  sample. Marangoni f low 

could  cause  t h e  bubble t o  move t o  t h e  reg ion  of lower surface energy and t o  

e v e n t u a l l y  escape  from t h e  sample .  The p resen t  SAAL is no t  equipped w i t h  a 

s u f f i c i e n t  number of thermocouples t o  a s ses s  t h e  magnitude of any temperatLlre 

g r a d i e n t s .  Xowever, t he  e x i s t e n c e  of temperature  g r a d i e n t s  is no t  inconce iv-  

a b l e  i n  t h e  p r e s e n t  furnace .  

The effect  of sp inn ing  (whi le  molten and l e v i t a t e d )  o n  t h e  shape of t h e  

sample w a s  examined t h e o r e t i c a l l y .  Ca lcu la t ions  show t h a t  a r o t a t i o n a l  speed 

of ~ 1 2 2 0  rpm would be r e q u i r e d  t o  produce t h e  shape and dimensions i d e n t i c a l  

t o  f l i g h t  s ample  3. There is no d e f i n i t e  evidence showing t h a t  the sample was 

s p i n n i n g  whi le  molten,  but  t h i s  speed is cons idered  u n r e a l i s t i c a l l y  high. 

Another p o s s i b i l i t y  i s  t h a t  t h e  sample was deformed by a c o u s t i c  f o r c e s  s i n c e  

r e c e n t  c a l . c u l a t i ~ n s ( ~ ~ )  i n d i c a t e  t h a t  these f o r c e s  i n c r e a s e  du r ing  c o o l i n g  and 

may n o t  be n e g l i g i b l e  as p rev ious ly  assumed. 
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TABLE XIII. Results for the soda-lime-silica glass shell 
(113) processed on the MEAIA-2 experiment. 

1. 

2 .  

3.  

4. 

The bubble initially present escaped from the 
sample while it was levitated at 1 2 5 O O C  in the 
SAAL. 

The returned sample was an ellipsoidal piece of 
solid glass whose maximum and minimum diameter 
was 5.334 and 4.813 mm, respectively. 

The external surface of the sample was extremely 
smooth, having a root mean square peak to valley 
roughness of only 21 A. 

No contamination was found on the external surface 
of this sample. 
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E. Comparison of P r o p e r t i e s  f o r  t h e  Glasses Melted i n  MEA/A-2 (Sample 112) and 

on E a r t h  

Due t o  t h e  small sample s i z e  and p a r t i a l  d e v i t r i f i c a t i o n  of f l i g h t  sample 

2,  on ly  a f e w  p r o p e r t i e s  could  be measured. The r e f r a c t i v e  index ,  d i s p e r s i o n ,  

and Abbe number f o r  t h i s  g l a s s  were measured us ing  t h e  Becke l i n e  technique .  

These values are compared w i t h  those  of a g l a s s  of i d e n t i c a l  composi t ion 

melted on ear th  i n  Tab le  XIV. The p r o p e r t i e s  are s l i g h t l y  d i f f e r e n t  for  the 

two g l a s s e s .  The c r y s t a l l i z a t i o n  behavior of t he  space-  and ear th  melted 

g l a s s e s  were a lso s t u d i e d  by d i f f e r e n t i a l  thermal a n a l y s i s  ( D T A )  a t  a h e a t i n g  

r a t e  of 10°C/min. A comparison of t h e  DTA curves  i n  F ig .  27 shows t h a t  the  

c r y s t a l l i z a t i o n  f o r  t h e  space  and earth melted g l a s s e s  i s  e s s e n t i a l l y  i d e n t i -  

cal .  The appearance of a l a r g e  exothermic peak w i t h  a small shoulder  on t h e  

low tempera tu re  s i d e  i n  t h e  DTA curve shows t h a t  two compounds c r y s t a l l i z e  

from t h i s  g l a s s .  They have been i d e n t i f i e d  by XRD a n a l y s i s  as B-Ga 0 and 

Ca Ga S i 0  The same two phases  were a l s o  observed when t h e  

crystal l ized r e g i o n  of the  space  melted sample (82)  was examined by SEM (F ig .  

2 3  
(2Ca0-Ga203*Si02). 2 2  7 

1 6 ) .  The l a r g e r  peak a t  =887oC i n  Fig.  27 has been found t o  correspond t o  t h e  

c r y s t a l l i z a t i o n  of Ca Ga S i 0  This  has been determined by examining the 

c r y s t a l l i z a t i o n  behavior  of a g l a s s  whose composi t ion is 2CaO-Ga 0 -Si02. The 

smaller peak ( 8 5 5 o C )  i n  F ig .  27 is a t t r i b u t e d  t o  the c r y s t a l l i z a t i o n  of 

B-Ga 0 

2 2 7' 

2 3  

2 3' 
The i n f r a r e d  t r ansmiss ion  of  the space and earth-melted g l a s s e s  and t he i r  

d e v i t r i f i e d  c o u n t e r p a r t s  were a l s o  measxed  and are  compared i n  F i g s .  28 and 

29. No s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  I R  t r ansmiss ion  of  these two g l a s s e s  is 

observed.  
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TABLE X I V .  Refractive index, dispersion, and Abbe number for the 
35.7 Ca0-39.3 Ga,0,-25 SiO,, mol% glass melted in space 
and on earth. 

Space Sample 
MEA/A-2, Spl. #2 

Earth 
Sample 

Refractive Index 
( +  0.0010) 

Dispersion 

Abbe Number ‘ 

(k 3.5) 

1.7287 

0.0279 

1.7121 

0.0175 

26.1 40.5 
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VI. CONCLUSIONS 

The c o n c l u s i o n s  s * m a r i z e d  below f o r  t h e  MEA/A-2 f l i g h t  exper iment  are 

l i s t e d  i n  t h e  order of t h e  o b j e c t i v e s  f o r  t h i s  exper iment .  

A.  O p e r a t i o n a l  Assessment of SAAL 

1.  The o p e r a t i o n  of t h e  s i n g l e  a x i s  a c o u s t i c  l e v i t a t o r / f u r n a c e  i n  s p a c e  

for  h i g h  t e m p e r a t u r e  l i q u i d  samples was g e n e r a l l y  s a t i s f a c t o r y .  For 

t h e  f irst  time, l i q u i d  samples  were s u c c e s s f u l l y  l e v i t a t e d  i n  s p a c e  

a t  h igh  t e m p e r a t u r e s  (1250 t o  15OOOC) fo r  a c o n s i d e r a b l e  p e r i o d  of 

time ( 6  t o  10 min).  The mechanism fo r  sample  i n s e r t i o n  o p e r a t e d  as 

i n t e n d e d  for  t h e  f irst  three samples, b u t  t h e  samples  were n o t  r e c a p -  

t u r e d  (clamped) by t h e  cage and alumina t u b e  as i n t e n d e d  a t  t h e  com- 

p l e t i o n  of the  c o o l i n g  phase. The tempera ture- t ime p r o f i l e  of t h e  

f u r n a c e  was close t o  t h a t  programmed fo r  samples  1 ,  2,  and  3, b u t  the  

f u r n a c e  d i d  n o t  o p e r a t e  for  the  remain ing  f i v e  samples  ( 4  t h r o u g h  8 ) .  

2. An e x c e l l e n t  p h o t o g r a p h i c  (movie) record of t h e  sample  p r o c e s s i n g  

s e q u e n c e s  i n  m i c r o g r a v i t y  was obta ined .  The f i l m  g i v e s  a good o p t i -  

cal view of the samples  and t h e i r  movements a t  t e m p e r a t u r e s  above 

8 O O 0 C ,  b u t  t h e  . r e s o l u t i o n / c l a r i t y  is n o t  a d e q u a t e  fo r  detai led obser- 

v a t i b n  of t he  sample.  Bubbles or  other objects less t h a n = l  mm are 

n o t  e a s i l y  observed .  

3. The f o l l o w i n g  recommendations a r e  made t o  improve t h e  o p e r a t i o n a l  

performance of t h e  SAAL. 

a )  Contaminat ion  of t h e  samples from a l l  s o u r c e s  b u t  espe-  

c i a l l y  from the  f u r n a c e  i n s u l a t i o n s ,  needs  t o  be e l i m i n a t e d  

when t h e  mol ten  samples  a re  l e v i t a t e d  i n  s p a c e .  

b )  The samples  s h o u l d  be released i n  a smoother and g e n t l e r  

f a s h i o n  so  as t o  e l i m i n a t e  t h e  temporary  o s c i l l a t i o n  and 

p o s i t i o n a l  i n s t a b i l i t y  t h a t  now o c c u r s .  
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c )  The fu rnace  should  hold a more cons t an t  tempera ture  (k 10°C 

max) when being c o n t r o l l e d  a t  a f i x e d  tempera ture .  

d )  Improvements i n  t h e  s t a b i l i t y  of t h e  sample  i n  t h e  a c o u s t i c  

well are h igh ly  desirable  and even t s  (opening and c l o s i n g  

o f  g a t e s )  w h i c h  u p s e t  t h e  s a m p l e  s t a b i l i t y  s h o u l d  be 

avoided. The coo l ing  shroud g a t e  shou ld  no t  be used  i n  t h e  

f u t u r e  f o r  l i q u i d  samples a n l e s s  there is no concern about 

t h e  sample c o n t a c t i n g  t h e  platinum cage  wires. 

e)  I t  is desirable t o  have t h e  c a p a b i l i t y  t o  reduce  t h e  acous- 

t i c  f o r c e s  (sound f i e l d  i n t e n s i t y )  used t o  l e v i t a t e  l i q u i d  

samples so  as t o  avoid or minimize t h e  d i s t o r t i o n  of such 

samples du r ing  cool ing.  

f )  P rov i s ion  t o  o b t a i n  slower, bu t  c o n t r o l l e d  coo l ing  rates by 

pa r t i a l .  r educ t ion  of t h e  e l e c t r i c a l  power t o  t h e  fu rnace  is 

desirable. 

g )  Addi t iona l  thermocouples should be i n s t a l l e d  i n  the  v i c i -  

n i t y  of t he  sample t o  better assess t h e  sample tempera ture  

and t h e  tempera ture  uniformity i n  t h a t  r e g i o n  of t he  f u r -  

nace occupied by the sample. Sample tempera ture  measure- 

ment w i t h  a n  o p t i c a l  py romet ry  ( o r  o t h e r  n o n - c o n t a c t  

method) would be h igh ly  u s e f u l .  

h )  Improved r e s o l u t i o n  and h igher  magn i f i ca t ion  f o r  photo- 

graphing  t h e  sample dur ing  p rocess ing  i n  t h e  SAAL is desir- 

able. 

B. Enhanced Glass Formation 

Two g l a s s  forming samples ( c a l c i a - g a l l i a - s i l i c a  and soda - l ime-s i l i ca )  

were s u c c e s s f u l l y  melted and cooled t o  g l a s s  whi le  l e v i t a t e d  i n  space .  The 

c a l c i a - g a l l i a - s i l i c a  composition r e q u i r e s  a c o o l i n g  ra te  = I  1 OC/s  t o  form g l a s s  
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on earth f o r  t h e  sample s i z e  used i n  t h e  space  experiment .  Th i s  c o o l i n g  ra te  

is 2 t o  3 times h igher  t han  t h e  coo l ing  r a t e  ( = 4 O C / s )  f o r  the  MEA/A-2 exper-  

iment which y i e lded  a g l a s s  f o r  t h i s  composition. C l e a r l y ,  t h e  g l a s s  forma- 

t i o n  tendency f o r  t h i s  c a l c i a - g a l l i a - s i l i c a  composi t ion i s  i n c r e a s e d  by 2 t o  3 

times when melted i n  space  without  a conta iner .  

C. Melt Homogenization and Precursor  P repa ra t ion  Technique 

A u s a b l e  and homogeneous g l a s s  was obta ined  f o r  t h e  ho t  pressed calcia- 

g a l l i a - s i l i c a  composition f o r  the melt ing time and t empera t a re  used i n  t h e  

f l i g h t  experiment.  This  hot  pressed  sample was prepared from c r y s t a l l i n e  pow- 

ders c o n t a i n i n g  randomly d i s t r i b u t e d  h e t e r o g e n e i t i e s  up t o  300 pm i n  s i z e .  

Chemical homogenization of t h i s  melt is  reasonably  f a s t  i n  s p a c e  i n  t h e  

absence of g rav i ty -d r iven  convect ion.  Hot-pressing appears  t o  be a feasible  

way t o  p repa re  chemical ly  u l t r a - p u r e  samples f o r  materials p rocess ing  i n  

space. 

D. Comparison of  P r o p e r t i e s  

The comparison of selected p r o p e r t i e s  f o r  t h e  space  and ear th  melted 

ca lc ia -ga l  l i a - s i l i c a  g l a s s  shows t h a t  the  r e f r a c t i v e  index ,  d i s p e r s i o n  and 

Abbe n-mber are s l i g h t l y  d i f f e r e n t ,  bu t  there is no detectable d i f f e r e n c e  i n  

t he i r  i n f r a r e d  t r ansmiss ion  or c r y s t a l l i z a t i o n  behavior.  For t h i s  p a r t i c u l a r  

g l a s s  composi t ion,  me l t ing  i n  space  produced no impor tan t  d i f f e r e n c e  i n  prop- 

ert ies.  

E. Shaping 

The soda-lime-silica g l a s s  she l l  was used p r i m a r i l y  f o r  t h e  purpose of 

demonst ra t ing  t h e  f e a s i b i l i t y  of reshaping a g l a s s  she l l  i n  microgravi ty .  

S ince  t h e  bubble  escaped when t h e  sample was remelted i n  space  and t h e  sample 

r e t u r n e d  as a s o l i d ,  egg-shaped p i ece  of c o l o r l e s s  g l a s s ,  the  f e a s i b i l i t y  of 

shap ing  a g l a s s  s h e l l  i n  mic rograv i ty  has not  been demonstrated.  The reshap-  

i n g  of g l a s s  s h e l l s  i n  space  i s  s t i l l  considered feas ib le  and p o s s i b l e  once 
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t he  mechanism responsible for t h e  bubble motion and t h a t  caus ing  t h e  deforma- 

t i o n  of t h e  sample have been I d e n t i f i e d  and  are c o n t r o l l a b l e .  

F. Other - 
The performance.and s u i t a b i l i t y  of t h e  samples used i n  t h e  f l i g h t  exper- 

iment w a s  s a t i s f a c t o r y .  No mechanical damage (due t o  v i b r a t i o n  of t he  

. .  s h u t t l e ) ,  chemical attack, or change i n  weight of t h e  samples w a s  observed. 

The proced*xe  followed i n  p repa r ing ,  handling, and s t o r i n g  t h e  samples is sat-  

i s f a c t o r y .  

Based on the  performance of t h e  SAAL and t h e  results Obtained for the 

g lass  mel t ing  experiments,  i t  is be l i eved  t h a t  a considerable advancement has 

been achieved i n  the s c i e n c e  and technology Of materials process ing  i n  space. 

Nevertheless, t h e  basic s c i e n t i f i c  o b j e c t i v e s  r ega rd ing  enhanced g l a s s  forma- 

t i o n ,  melt homogenization and mixing, bubble behavior,  and  reshaping  s imple  

shapes i n  space  are still t o  be completely fulf i l led.  The results of this 

experiment which demonst ra te  t he  enhancement O f  glass  formation i n  space are 

h i g h l y  encouraging and need t o  be v e r i f i e d  for other p o t e n t i a l l y  useful compo- 

SI tions. 

Our ground based research program remained h i g h l y  a c t i v e  and va luab le  . 

s c i e n t i f  i c  data for the  glass formation, n u c l e a t i o n  and C r y s t a l l f z a t l o n ,  

s t r u c t u r e  and p rope r ty  r e l a t i o n s h i p  of Several i n t e r e s t i n g  glass systems were 

obta ined .  S ince  1983, t h i s  research has been reported in 14 t e c h n i c a l  papers, 

12 of which have been publ i shed  i n  t h e  open l i terature and 2 of which are i n  

press (see Appendix A ) .  
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